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ABSTRACT: Electrochemical reduction of carbon dioxide (CO,)
to useful products is an emerging power-to-X concept, which aims
to produce chemicals and fuels with renewable electricity instead of
fossil fuels. Depending on the catalyst, a range of chemicals can be
produced from CO, electrolysis at industrial-scale current densities,
high Faraday efliciencies, and relatively low cell voltages. One of
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the main challenges for up-scaling the process is related to C:% /.\ ®
(bi)carbonate formation (carbonation), which is a consequence of ® 9 g
performing the reaction in alkaline media to suppress the e o :v‘(
competing hydrogen evolution reaction. The parasitic reactions e & o
of CO, with the alkaline electrolytes result in (bi)carbonate

precipitation and flooding in gas diffusion electrodes, CO, Products

crossover to the anode, low carbon utilization efficiencies,

electrolyte carbonation, pH-drift in time, and additional cost for CO, and electrolyte recycling. We present a critical review of
the causes, consequences, and possible solutions for the carbonation effect in CO, electrolyzers. The mechanism of (bi)carbonate
crossover in different cell configurations, its effect on the overall process design, and the economics of CO, and electrolyte recovery
are presented. The aim is to provide a better understanding of the (bi)carbonate problem and guide research directions to overcome
the challenges related to low-temperature CO, electrolysis in alkaline media.

1. INTRODUCTION supplied CO, to form (bi)carbonates. Note that, for an

Electrochemical reduction of CO, (CO2R) to value-added aqueous CO; system, there is an equilibrium l?etv.veerf carbonic
products is an element of carbon capture and utilization acid, bicarbonate, and carbonate, where the distribution of the

(CCU), which has been identified as a complementary species is governed by the pH. Here, with (bi)carbonate we
measure to reduce CO, emissions.! The past decade, a essentially mean a mixture of carbonate and bicarbonate
2 . 4

significant effort has been made to improve the performance Eocr)reSRO}I:d}llng l‘lfl;h a TPEClﬁlC pH. The parasitic refactlc;ﬁs of
metrics of the electrochemical CO2R process.” > By using gas » with the alkaline electrolyte can cause a range of problems

diffusion electrodes (GDEs), optimized catalyst and reaction in CQZ electrolyz.ers .including (bi)carbonate precipitation and
conditions, and proper reactor engineering, we are able to flooding of gas diffusion electrodes (GDEs), CO, crossover to

obtain several CO2R products at industrial-scale current the anode, low conversion and carbon utilization efficiency,
densities (CDs), high Faraday efficiencies (FEs), low cell electrolyte carbonation and pH-drift, negative impact on

voltages, and extended durability/stability.°"' The high- activity of the oxygen e\./c?lution Feaction (OER) and
temperature solid oxide electrolysis cell (SOEC) for CO, CO2RR, decreased conductivity and increased cell voltages,

reduction to carbon monoxide (CO) is commercialized by ar'ld "‘ddig‘_’?éal cost 'for €O, an.d electfolyte. recycling, see
Haldor Topsoe,'! while Sunfire'> and others are currently Figure 1. .T.hes.e issues are seriously hindering the scale-up
bringing the co-SOEC process for syngas production to the and commercialization of low-temperature CO, electrolyzers.

market. In sharp contrast, the low-temperature CO,

electrolysis process is suffering from a major drawback, Received: January 11, 2023 I&EC
which is related to the carbonation of the electrolyte as a Revised:  April 7, 2023 B
consequence of performing CO2R in alkaline conditions to Accepted:  April 13, 2023

suppress the hydrogen evolution reaction (HER). The CO2R Published: April 25, 2023
reaction (CO2RR) produces hydroxide ions at the cathode
electrode/electrolyte interface that can react with fresh
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Figure 1. Illustration of the carbonation problem during CO,
electrolysis. In the cathode compartment, (bi)carbonates are
produced from the reaction of CO, and the generated hydroxides
from CO, electrolysis. The (bi)carbonates are transported through
the anion exchange membrane (AEM) and oxidized at the anode to
release CO,. The anolyte and catholyte are converted to (bi)-
carbonates. The cell voltage (Vcell) increases due to a shift in the
anode and cathode potentials due to a pH change.

For an alkaline flow cell, it has been estimated that up to 95%
of CO, can be lost due to the parasitic carbonation effect,
which essentially means that each CO, molecule has to be
recycled 20 times for complete utilization."” The carbonation
and crossover of CO, put a limit on the carbon efficiency of
alkaline electrolyzers. For CO2R to CO in anion transporting
cells, the maximum carbon efliciency is 50%,'® while for
ethylene this is 25%.'”'” This has detrimental effects on the
economics of any CO2R process that is performed in alkaline
conditions.'”~*'

In this review, we provide (1) a reinterpretation of published
results on CO, crossover in low-temperature CO, electro-
lyzers, (2) an overview of potential solutions to overcome or
prevent the problems caused by electrolyte carbonation, (3) an
estimation of the cost of recycling/recovering spent CO, and
electrolytes, and (4) an outlook for future research to
overcome carbon crossover in low-temperature CO, elec-
trolysis. This review is not meant to be exhaustive and focuses
primarily on carbon crossover and its consequences with a
brief discussion on the related phenomena of GDE flooding.
We aim to provide (1) a better understanding of the
carbonation phenomena during CO2R, (2) a critical assess-
ment of the proposed solutions and related costs, and (3)
guidance regarding research priorities to solve one of the most
pressing problems in the field of low-temperature CO,
electrolysis.

2. CARBON CROSSOVER MECHANISM

As an example, we consider CO, electrolysis to CO in alkaline
media. The half-cell reaction at the cathode for CO2R to CO
can be written as

CO, + H,0 + 2¢~ — CO + 20H" (R1)

In aqueous (alkaline) media, the competing HER can also take
place at the cathode according to the following reaction.

2H,0 + 2¢” — H, + 20H" (R2)
In acidic media, the HER is typically written as
2H" +2¢” > H, (R3)
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The produced hydroxides from the CO2R and the HER can
react with freshly supplied CO, to form bicarbonate.

CO, + OH™ « HCO; (R4)

In a subsequent step, the bicarbonate can react with an
hydroxide ion to produce carbonate.

HCO; + OH™ < CO; + H,0 (RS)

The accompanying OER at the anode in acidic media can be
written as

H,0 — 2H"* 4+ 0.50, + 2e~ (R6)

Using an anion exchange membrane (AEM) in the CO,
electrolyzer, the bicarbonate, carbonate, and hydroxide ions
from the cathode compartment will be transported to the
anode compartment and neutralized with the protons from the
OER (assuming acidic conditions) according to

HCO; + H" & CO, + H,0 (R7)
CO}™ + 2H" « CO, + H,0 (R8)
OH™ + H" & H,0 (R9)

Combining the CO2RR with these neutralization reactions and
neglecting the HER, it is possible to calculate the anodic gas
composition ratio of CO, to O, if the only charge-carrier is
HCO;~, CO3", and OH" from the following reactions.

2HCO; — 2CO, + H,0 + 0.50, + 2e~ (R10)
CO;” — CO, + 0.50, + 2¢” (R11)
20H™ —» H,0 + 0.50, + 2e” (R12)

It is clear from reactions R10 to (R12) that the theoretical
anodic gas composition ratio of CO, to O, will be 4, 2, and 0 if
the transported ions through the AEM are HCO;~, CO3", and
OH", respectively. Before moving to the experimental
observations for the carbon crossover and the CO, to O,
ratio, we will discuss the debatable assumption made by most
of the previous studies that water is oxidized at the anode (i.e.,
reaction R6), while the conditions are (slightly) alkaline. It is
more appropriate to write the OER in alkaline form to
correctly represent the pH conditions.

20H™ — H,0 + 0.50, + 2¢” (R13)

Clearly, the so-desired protons for the neutralization reactions,
reactions R7 to (R9), are eliminated if hydroxides instead of
water molecules are involved in the OER. As shown by Kotz et
al,”* the reaction mechanism for OER involves hydroxides for
pH > 4 and water for pH < 4. This is in agreement with the
observations of Naito et al.”> Typically, alkaline anolytes (e.g.,
KOH and KHCO; solutions) are used in AEM-based CO,
electrolyzers. Therefore, the pH is near neutral to alkaline, and
the OER should be written in hydroxide form. The
consequence of this is that, instead of (bi)carbonate
neutralization, a different mechanism is responsible for CO,
evolution at the anode. A more likely mechanism, which does
not require the cumbersome assumption of low pH at the
anode, is the direct electro-oxidation of bicarbonate and
carbonate to CO, according to reactions R10 and (R11), since
bicarbonate and carbonate are thermodynamically easier to
oxidize than water.”* Now, the experimental observations of
carbon crossover in alkaline CO, electrolyzers will be

https://doi.org/10.1021/acs.iecr.3c00118
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discussed. The initial experimental studies on CO, crossover
by Liu et al,,”® Kaczur et al,”® and Larrazabal et al.”’” found an
anodic CO, to O, ratio of 2:1, which essentially means that
carbonate ions are the main charge-carriers across the AEM.
Later, this observation has been confirmed bzf several studies
but only at high current density CO2R.**"** Recent studies
show that bicarbonate instead of carbonate is the main charge
carrier in AEM-based CO2R at low current densities (roughly
<100 mA/cm? for CO2R to CO).>*** For bicarbonate as the
only charge-carrier, the CO,/0O, ratio at the anode is 4:1.
Apparently, the mechanism for (bi)carbonate formation and
crossover changes as a function of current density. In addition,
we will see that the time-dependent response of the electrolysis
system in terms of pH/conductivity changes, carbon species
distribution, and carbon crossover is significantly influenced by
the type, amount/flow and concentration of the electrolytes
(anolyte and/or catholyte), the CO, supply rate, and cell
configuration (zero-gap MEA, flow cells, etc.). We will discuss
these effects at high and low current densities separately in
Section 2.1 and Section 2.2, respectively.

2.1. Carbon Crossover at High Current Density. Ma et
al.”® presented a detailed study on (bi)carbonate crossover
during CO2R to hydrocarbons using a GDE-based flow cell
and a Cu catalyst. An anion exchange membrane with different
anolytes and catholytes (1 M KHCO;, 1 M KOH, and 5§ M
KOH) was used. For 1 M KHCO; as anolyte and catholyte,
these authors observed at a CD of 200 mA/cm? that the anodic
gas composition ratio of CO,/O, gradually decreased from
roughly 3 to 2, which implies that the main charge-carrier
changed from a mixture of HCO;~/CO3™ to pure CO3~ during
the course of the experiments. The pH of the catholyte was
changed from the initial value of 8.3 to ~11.5 after an
electrolysis time of 7 h due to the conversion of bicarbonate to
carbonate. The pH of 8.3 and ~11.5 corresponds to the pH of
1 M KHCOj; and 0.5 M K,COj solutions, respectively. The pH
of the anolyte was rapidly reduced from 8.3 to 7.9 but
remained at this value for the rest of the electrolysis
experiment. The final pH of 7.9 corresponds to the pH of 1
M KHCO; solution saturated with CO,. Ma et al.”® observed
an anodic CO,/0, ratio of 2 for other current densities as well
(150, 250, and 300 mA/cm?), which means that the main
charge carrier is the carbonate ion for CDs > 150 mA/cm™
However, the transition rate of the catholyte from bicarbonate
to carbonate was accelerated at higher CDs. For 1 M KOH as
anolyte and catholyte, no CO, was detected at the anode for
the first 2.5 h of electrolysis. CO, started to evolve after this
equilibration period, and the anodic gas composition quickly
reached a CO,/O, ratio of 2. The pH of the anolyte and
catholyte reduced after S h of electrolysis time from 13.6 to
11.6 and 8, respectively. It is clear that the catholyte was
converted from OH™ to CO3", which crosses over through the
AEM and oxidizes at the anode. Ma et al.”® put forward that
‘the anolyte was neutralized by H* produced in the anodic
reaction R6, thus slowly decreasing the anolyte pH’. As
explained earlier, this is a debatable explanation, because OER
should be written in alkaline form (reaction R13), since the
conditions in the anode compartment are alkaline. We will
provide an alternative explanation for the observed phenomena
at the anode without relying on the questionable assumption of
low local pH in an alkaline solution. It is more plausible that
the carbonate ions cross over through the AEM and are
directly oxidized at the anode, because (bi)carbonates are
thermodynamically easier to oxidize than water. The produced
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CO, at the anode is then absorbed/bubbled into the KOH
solution, which gradually converts into a K,COj solution. After
2.5 h, almost all KOH is consumed, and the formed HCO;™/
CO;3™ buffer will start to release CO, into the gas phase if the
pH drops below 9, because CO, can only exist under these
conditions. However, even at a higher pH, CO, can be released
into the gas phase if the system operates under nonsteady
conditions where the CO, bubbling rate is much higher than
the CO, absorption rate. Haspel and Gascon®” observed CO,
release into the anodic gas phase at a pH higher than 10, which
can only be explained by this unsteady behavior. The initial
absorption rate of CO, in KOH solutions is almost a factor 10
higher than that of K,COj; solutions. This means that the
absorption rate of CO, in KOH solutions is high enough to
keep up with the bubbling rate of CO, even at very high CDs,
but this might not be the case for K,COj solutions. Note that,
if the anolyte is recirculated, CO, bubbling will convert the
K,CO; solution into KHCOj; according to

CO;™ + H,CO, < 2HCO; (R14)

This is consistent with the observation of Ma et al.*® that the

anolyte pH was ~8 after S h of electrolysis time (i.e., the pH of
1 M KHCO; saturated with CO, is roughly 8). In a second
study, Ma et al.’' investigated the effect of different
membranes (AEM, cation exchange membrane (CEM), and
bipolar membrane (BPM)) on the crossover phenomena. At a
CD of 200 mA/cm? and with 1 M KHCOj, as anolyte and
catholyte, the AEM-based cell showed a similar behavior as
discussed earlier (CO,/O, ratio of 2). For the CEM-based cell,
a CO,/0, ratio of 4 was observed at the anode, and the pH of
the catholyte (anolyte) was increased (decreased) from 8.3 to
9.8 (83 to 6.7) during 3 h of electrolysis time. The
experiments were stopped after 3 h, because the conductivity
of the anolyte decreased from 70 to 3 mS/cm due to the
depletion of cations. A CO,/O, ratio of 4 can be explained by
the fact that bicarbonate from the electrolyte is oxidized at the
anode as soon as the K" ion is transported through the CEM.
This essentially means that the bicarbonate from the anolyte is
consumed, while the potassium ions are accumulated in the
catholyte. For the BPM-based cell, the anodic CO,/O, ratio
decreased from 1 to 0.3 in the first 4 h and stabilized around
0.25 after 10 h. The pH of the anolyte increased slightly from
8.3 to 9.6, while the pH of the catholyte remained nearly
constant after 10 h. The initial 1 M KHCOj anolyte reacts with
the OH™ from the BPM and is converted to 0.5 M K,CO;,
which is consistent with the observed conductivity of ~68 mS/
cm. Since the BPM does not allow (bi)carbonate crossover, the
small amounts of CO, at the anode should come from a
different source. We hypothesize that the source is either due
to the crossover of dissolved CO,, which is uncharged and thus
not repelled by the ion exchange layers of the BPM, or the
BPM is simply not 100% selective and allows some
(bi)carbonates to cross over. Furthermore, the (bi)carbonates
generated at the cathode are neutralized with the protons from
the BPM and cause CO, release in the cathode compartment.
We note that the bicarbonate from the electrolyte (KHCO,) is
not converted to CO, due to charge neutrality constraints.
Haspel and Gascon> studied (bi)carbonate crossover in a
hybrid flow/membrane electrode assembly (MEA) cell (ie.,
with alkaline anolyte, but no liquid catholyte) using KOH and
KHCOj; anolytes at different current densities. These authors
recorded the pH and conductivity of the anolyte, the cell
voltage, and the evolved gas at the anode and cathode for

https://doi.org/10.1021/acs.iecr.3c00118
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different current densities as a function of time. Haspel and
Gascon™ also observed an anodic CO,/O, ratio of ~2 for
CO2R at high CDs (>100 mA/cm?). At low CDs, the anodic
CO,/0, ratio was between 2 and 4, which means that the
main charge carrier changed consecutively from carbonate to a
mixture of carbonate and bicarbonate to purely bicarbonate as
the CD decreased from >100 to 2.5 mA/cm”. The pH of the
initial 1 M KOH anolyte decreased from 14 to 7.7, which
corresponds to a pH of 1 M KHCO; solution that is saturated
with CO,. Accordingly, the conductivity of the anolyte
decreased from ~220 mS/cm (1 M KOH) to 80 mS/cm (1
M KHCO,). Clearly, the initial 1 M KOH anolyte is converted
to KHCOj; at the end of the experiment. For 1 M KOH as
anolyte, Haspel and Gascon®” did also not observe any CO, in
the gas phase for the first 2 h of experiments, which is
consistent with the findings of Ma et al”® In this time frame,
CO, from the oxidation of (bi)carbonate is absorbed by the
KOH solution, which is first converted to K,COj;. Finally, the
K,CO; solution is converted to KHCO; upon continuous
bubbling of CO,. The conversion rate of KOH to KHCO; was
faster for higher CDs. As can be seen in the Supporting
Information of Haspel and Gascon,”> CO, in the anodic gas
mixture was only observed when the pH of the anolyte was
below 9 for experiments at low current densities (<100 mA/
cm?®). At high CDs (>100 mA/cm?®), CO, in the anodic
mixture was also observed at higher pHs, which is due to the
unsteady behavior discussed before. In this case, the CO,
absorption rate in the (bi)carbonate solution is lower than the
CO, evolution rate causing CO, release into the gas phase.
The experiments of Haspel and Gascon®” support our
hypothesis that (bi)carbonates are directly oxidized at the
anode to CO,, which bubbles into the alkaline solution and
converts KOH to KHCOj in the long run. CO, is released into
the gas phase when the pH drops below 9 or when the
absorption rate of the solution is lower than the CO,
generation rate, which is typically the case at high CD
electrolysis. Our explanation of the CO, evolution phenomena
at the anode is also supported by the bubbling experiments of
Zhong et al.”®> These authors recorded the pH change of
different electrolytes (K,CO5;, KHCO,;, KOH, KCl, and HCI)
upon bubbling with CO, and noticed a very similar time-
dependent behavior of the pH as reported by Ma et al.”* and
Haspel and Gascon.*>

Haspel and Gascon®” performed an interesting experiment
in an attempt to better understand CO, hydration and carbon
crossover during HER under CO,-rich conditions. Like CO2R
to CO, the HER, reaction R2, also produces two hydroxide
ions, which can and ideally should react to (bi)carbonate
under CO,-rich conditions. These authors used commercially
available GDE-type cathodes (Pt/C, IrO,, and NiFeCo/Ni
paper) that have a high activity for the HER but a low activity
for CO2R to decouple HER from CO2RR. In the experiment,
the CD was 150 mA/cm? 1 M KHCO); was used as catholyte,
and 60 mL/min of CO, was supplied to the cathode. One
would expect a similar carbon crossover mechanism if the local
environment for (bi)carbonate formation is identical for HER
and CO2R. Surprisingly, the carbon crossover for HER in a
CO,-rich environment was lower than under CO2RR
conditions. Under HER, the CO,/O, ratios for Pt/C, IrO,,
and NiFeCo/Ni were 1.1, 0.8, and 0.7, respectively. These
ratios are two times lower than the expected theoretical CO,/
O, ratio of 2 for carbon crossover due to carbonate transport
in AEM-based CO, electrolysis. On the other hand, using a
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catalyst that is active for CO2R (Ag/C), Haspel and Gascon™”
observed a CO,/0, ratio of 2 under similar conditions as the
HER under CO,-rich environment. From these experimental
findings, Haspel and Gascon®” concluded that ‘hydroxide is not
just hydroxide’ and CO, hydration is unidentical under HER
and CO2R conditions. Recently, Moss et al.*° used an MEA-
based setup with an AEM to study CO, reduction on a Cu
catalyst. No catholyte was used in the experiments, while
KHCOj; was used as anolyte. These authors observed a CO,/
O, ratio of roughly 2 at the anode for CO, electrolysis at 100
and 150 mA/cm?® At 200 mA/cm? the CO,/O, ratio at the
anode fluctuated between 2 and 1, while at 250 mA/cm? the
CO,/0, ratio was roughly 1. Using operando XRD, Moss et
al.>® observed (bi)carbonate formation in the GDE, which
causes an increase in the HER. This increase in HER results in
a drop in the cell potential due to a shift in the ion transport
mechanism through the AEM from carbonates to hydroxides.
During CO, electrolysis at 250 mA/cm?, the HER dominated,
and a CO,/0, ratio of 1 was observed at the anode. This
observation of Moss et al.*° is similar to the observation of
Haspel and Gascon®” that the CO,/O, ratio at the anode for
HER under a CO,rich environment is roughly 1. It is
currently unclear why CO, hydration is unidentical under HER
and CO2R conditions.

2.2. Carbon Crossover at Low Current Density. In the
previous section, we have seen that high-CD CO2R results in
carbonate crossover through the AEM to the anode. At low
CDs, the main charge carrier is the bicarbonate ion. Lin et al®
studied (bi)carbonate crossover in a flow cell with 1 M
KHCOj as the anolyte and catholyte. CO2R was performed at
10, 30, and SO mA/cm® using an AEM, CEM, and BPM. For
the AEM-based system, it was shown for all CDs that
bicarbonate was the main charge carrier causing CO, crossover
and limiting the utilization efficiency to 14.4%. The CEM-
based system exhibited low utilization efliciencies due to
recirculation between the anolyte and the catholyte to prevent
depletion of cations from the anolyte. The BPM-based CO,
cell showed significantly higher utilization efficiencies (up to
61.4%) compared to the AEM-based electrolyzer. Eriksson et
al.’* presented a detailed study on CO, crossover in AEM and
BPM-based CO, electrolyzers. These authors performed
CO2R at 45 mA/cm” using a GDE-based flow cell with 1 M
KHCO; and 1 M KOH as catholyte and anolyte, respectively.
No CO, was detected in the anodic gas mixture for the first 12
h of electrolysis, which is due to the absorption of CO, by the
KOH solution. After 12 h, CO, started to evolve in the gas
phase and the CO,/O, ratio in the anodic mixture quickly
stabilized at 3.8, suggesting the bicarbonate was the main
charge carrier. The pH of the initial 1 M KOH anolyte
changed from 14 to 8 following a typical CO, bubbling curve
as also observed by Zhong et al,,>® Ma et al,** and Haspel and
Gascon.”> The KOH solution is first converted to K,CO; and
then to 1 M KHCO;, which has a pH close to 8 when
saturated with CO,. The catholyte pH remained constant at a
value of ~8 during the course of the experiment. This is
different from the high CD experiments of Ma et al.”® where
the pH of the catholyte was increased from 8 to 11.6 due to the
conversion of bicarbonate to carbonate. The reason for this is
the low generation rate of hydroxide ions for low-CD
conditions and the high supply rate of CO, to the cathode.
As a consequence, bicarbonate is formed according to reaction
R4, but reaction RS cannot proceed due to the lack of
hydroxide ions, which are consumed by the excess supply of
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Ind. Eng. Chem. Res. 2023, 62, 6843—6864


pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c00118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

REVIE

CO,. For the BPM-based experiments with 1 M KOH as
anolyte and 1 M KHCO,; as catholyte, Eriksson et al.** did not
observe any CO, in the anodic gas mixture during CO2R at 45
mA/cm? for 16 h. The pH of the anolyte was only decreased
slightly from the initial value of 14 to 13.6 at the end of the
experiment. When the anolyte was changed from 1 M KOH to
0.1 M KOH, CO, evolved in the gas phase and the observed
anodic CO,/0, ratio was 0.4, which is almost a factor 10 lower
than the AEM-based cell. Clearly, the crossover of CO, from
the cathode to the anode is significantly reduced but not
completely prevented with a BPM-based cell. Likely dissolved
CO,, which is not charged and thus not retained by the ion
exchange layers in the BPM, crosses over from the cathode to
the anode and slowly adds carbonate to the electrolyte. The
exact mechanism of CO, crossover in BPM-based cells is still
unclear and should be corroborated by future studies.

Lu et al”’ provide an excellent understanding of the
carbonation phenomena near the electrode surface. These
authors used in situ Raman spectroscopy to probe the local pH
near a CO2R GDE under working conditions (50 and 100
mA/cm?) for different catholytes (1 M KOH and 1 M
KHCO,). Under open-circuit conditions (i.e, 0 mA/cm?), 1
M KOH catholyte flow at 0.5 mL/min, and a CO, flow of 20
sccm, the local pH was ~7 at the cathode surface and increased
to ~11 over a distance of 120 ym away from the electrode into
the electrolyte solution. Under these conditions, the supplied
CO, reacts with KOH at the electrode/electrolyte interface to
form bicarbonate, which is converted to carbonate upon
diffusion into the electrolyte solution. Accordingly, the
concentration of bicarbonate decreased from 0.22 to 0.024
M, while the concentration of carbonate increased from 0.065
to 0.20 M for measurements at 10 and 120 ym away from the
electrode surface, respectively. For increasing CO, supply rates
(5 to 25 sccm), it was shown that more CO, reacts with the
alkaline solution and the pH gradient region becomes wider.
Lu et al.”’ then performed CO2R to CO in a GDE-based flow
cell and used in situ Raman measurements to probe the local
pH near the electrode surface. At 50 mA/cm” and 1 M KOH
as catholyte, the concentration of bicarbonate (carbonate)
decreased (increased) from 0.23 to 0.029 M (0.07 to 0.14 M)
for measurements at 10 and 80 ym away from the electrode
surface, respectively. Clearly, the generated bicarbonates at the
electrode/electrolyte interface diffuse into the electrolyte and
are converted to carbonates (see Figure 2), but the bicarbonate
region is 40 ym narrower compared to the open-circuit case.
The local pH at the electrolyte/electrode interface at 50 mA/
cm? was ~9, which is higher than the open-circuit case (pH of
~7). At 100 mA/cm? the bicarbonate region is reduced
further and the local pH at the electrode surface increased to
9.8. At 150 mA/cm?, only carbonate and no bicarbonate was
observed near (10 um away) the electrode surface, which
suggests that the local pH was >12. These experiments provide
a clear picture of the carbonation phenomena near the
electrode surface. For 1 M KOH catholyte, CO, reacts with the
hydroxides from the CO2RR and the electrolyte to first
produce bicarbonate, which is then converted to carbonate
regardless of the CD, but the conversion rate is increased at
higher CDs. Hence, the conversion of bicarbonate to carbonate
depends on the availability of hydroxide ions. At sufficiently
high CDs, the conversion rate of bicarbonate to carbonate is so
high that only carbonate is observed near the electrode. As
shown by Lu et al,”” the response of the system is different if 1
M KHCO; (instead of KOH) is used as the catholyte. For 1 M
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Figure 2. Concentration profiles of bicarbonate and carbonate near
the electrode for CO, electrolysis at 50 mA/ cm?. One M KOH was
used as catholyte. Data based on Lu et al.*” show that bicarbonates
are mostly generated near the electrode, which diffuse into the
solution and are rapidly converted to carbonates due to the alkaline
electrolyte.

KHCOj; as catholyte and under open-circuit conditions with
CO, supply to the cathode, no carbonate was observed near
(up to 120 ym away) the electrode surface, while in the bulk
(>120 pm) carbonate was detected in a ratio that corresponds
with the pH of the solution. This is clear evidence that reaction
R14 occurs when CO, is bubbled into a bicarbonate solution.
At 50 mA/cm?, the concentration of bicarbonate (carbonate)
increased (decreased) from 0.11 to 1.26 M (0.61 to 0.18 M)
for measurements at 10 and 130 ym away from the electrode
surface, respectively. The bicarbonate of the electrolyte reacts
with the OH™ generated from the CO2RR to form carbonate,
which diffuses into the catholyte and is converted back to
bicarbonate due to the acid—base equilibria. The local pH at
the cathode surface was 11.9, but the pH decreased to ~9.5 at
a distance of 120 ym away from the electrode. Note that the
concentration and pH profiles are completely opposite to what
was observed for KOH as the catholyte.

Henckel et al.>® used surface-enhanced Raman spectroscopy
to study the local pH during CO2R on a Cu catalyst using an
alkaline flow electrolyzer. These authors also observed a
substantially lower local pH than expected from the bulk pH.
The local pH was shown to depend on the applied potential,
and the decreases in the pH were associated with the formation
of malachite [Cu,(OH),CO;]. These results show that the
local CO2R environment can differ significantly from the bulk
and several unexpected phenomena can be observed near the
electrode surface.

In summary, the time-dependent behavior of the carbo-
nation phenomena is extremely complex and influenced by
initial and operating factors such as the type and concentration
of the electrolytes, the flow rate of CO, and the electrolytes,
the actual amount of anolytes and catholytes, the temperature
and pressure, and the cell configuration (e.g, type of
membranes). All these parameters/factors should be consid-
ered and carefully set in experiments for a proper under-
standing of the carbonation effect and to allow a meaningful
comparison between different studies. We feel that more
experimental and theoretical work is required to elucidate the
carbon crossover mechanism. This understanding is crucial for
finding a cost-effective solution to the carbonation problem.

https://doi.org/10.1021/acs.iecr.3c00118
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3. FLOODING OF GAS DIFFUSION ELECTRODES

The carbonation phenomena is closely linked to the flooding
problem of gas diffusion electrodes during CO2R. Flooding is
the penetration of electrolyte into the pores of the gas diffusion
layer (GDL). This penetration of the electrolyte increases
diffusion pathways and prevents the CO, to reach the active
sites on the catalyst surface. Flooding affects the performance
of the GDE in different ways as it increases the HER, because
the aqueous electrolyte is directly exposed to the carbon in the
GDL, and it causes salt precipitation, which leads to permanent
blocking of the GDL pores.””* The exact mechanism of GDE
flooding has yet to be elucidated, but the factors that seem to
play an important role are (1) leakage of electrolytes into the
GDE due to electrowetting effects, (2) formation/precipitation
of salt crystals on and inside the GDE due to electrolyte
carbonation, (3) decreasing hydrophobicity of the GDE after
high current application, (4) the pressure drop across the GDE
that is determined by the cell configuration (flow-through or
flow-by), (5) defects or cracks in GDEs, and (6) GDE
degradation due to mechanical compression, erosion by gas
flow, dissolution of electrode materials in the catholyte,
delamination of the layers, and corrosion, see Figure 3.

leakage

ionomer

crystal
growth dissolution
hydrophobicity

co,

Figure 3. Different mechanisms that contribute to electrode flooding.
GDL is gas diffusion layer, and CL is catalyst layer.

We will present a brief overview of the key findings of recent
GDE flooding studies. The reader is referred to the excellent
perspective of Sassenburg et al.** for more information on salt
precipitation and GDE flooding in zero-gap CO, electrolyzers.

Leonard et al.*’ studied GDE flooding in an alkaline flow
cell (flow-by mode) for CO, conversion to CO on a silver-
based catalyst. These authors found that flooding was
accelerated by current passage causing electrowetting and
reduced GDE hydrophobicity, and carbonate formation/
precipitation, which facilitated electrolyte permeation. In a
follow-up study, Leonard et al.** studied the role of electrode
wettability in CO, electrolyzers for liquid products. These
authors used contact angle measurements, electrolyzer mass
balances, and capillary pressure models to relate the
concentrations of the liquid products to cell operating
conditions and to estimate the pressure drop across the
GDE that might result in electrode flooding. Using this model,
Leonard et al.** estimated that GDEs that produce alcohol
products with a concentration of <30 wt % are more
susceptible to flooding, while formic acid electrolyzers are
more resistant to electrode flooding. Yang et al.”” investigated
the role of carbon-based gas diffusion layers (GDLs) on GDE
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flooding during CO2R. These authors found that the applied
potential plays an important role in GDE flooding as it affects
the wetting characteristics and hydrophobicity of the GDL.
Cofell et al.*® investigated the effect of electrolytes on
carbonate formation and GDE flooding in an alkaline CO,
electrolyzer (flow-through mode). The performance of the
CO2R cell diminished due to degradation of the GDE as a
consequence of carbonate deposits on the electrode surface.
The type and concentration of the electrolyte had a large effect
on the carbonate formation rate, morphology, distribution, and
surface coverage of the deposits. Cofell et al.** showed that the
cell performance reduced dramatically after ~50% of the
catalyst surface was occluded with the carbonate deposits,
which reduced the hydrophobicity of the GDE and induced
flooding of the electrode. Disch et al.*® used high-resolution
neutron imaging to study salt precipitation and water transport
in a zero-gap CO, electrolyzer under industrially relevant
conditions (200 mA/cm?, cell voltage of 2.8 V, and CO FE of
99%). These authors observed salt precipitation and associated
electrode flooding throughout the entire experiment. The
precipitation and accumulation of salts was more severe at
higher CDs, which heavily influenced the water distribution in
the cathode and caused local dry-out and hotspots.
Furthermore, a higher salt accumulation was visible under
the cathode channel of the flow field than in other regions.
These results support the hypothesis that precipitated salts
penetrate the gas diffusion layer and block the transport of
CO, to the catalyst layer, which initiates the HER and reduces
the FE of CO2R. Kong et al.*”** used energy-dispersive X-ray
(EDX) mapping and inductively coupled plasma mass
spectrometry (ICP-MS) to study GDE flooding in a zero-gap
CO, electrolyzer. The EDX/ICP-MS tool was used to quantify
the flooding phenomena by measuring the potassium
concentration as a function of the GDE depth. These authors
studied different types of GDLs and found that GDEs that bear
cracks in the microporous layer are less susceptible to flooding.
Kong et al.*”** hypothesized that the fibrous layer of the GDE,
which is water/electrolyte accessible through the cracks, serves
as a reservoir for flooding and can prevent flooding-associated
degradation of the catalyst layer. However, it is very likely that
the flooding is only postponed and will affect once the
macroporous layer is fully saturated.

4. POTENTIAL SOLUTIONS FOR SALT FORMATION

From the foregoing discussion, it is clear that electrolyte
leakage into the GDE and subsequent precipitation and
crystallization of salts in the pores of the GDL play an
important role in the performance degradation of GDE-based
CO, electrolyzers. Different (partly successful) strategies have
been presented in the literature to overcome/diminish the
disastrous flooding effect. Sassenburg et al.** identified four
main categories of engineering solutions to prevent salt
precipitation. These approaches include (1) passively modify-
ing the type and concentration of the anolyte, (2) actively
dissolving precipitates in the GDE, (2) actively pulsing the
reactor, and (4) passively modifying the MEA.

It is important to note that salts can only be formed if a
cation is combined with an anion. Hence, the first category of
solutions aims to reduce or completely eliminate cations from
the anolyte and/or catholyte. Using dilute anolyte (10 mM
KHCO,), Liu et al.>> demonstrated stable CO2R to CO for
3800 h of operation at 200 mA/cm” As shown by Cofell et
al,® the type of cation can also have significant influence on
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the precipitation/crystallization behavior of the formed
(bi)carbonates. Therefore, the type and concentration of the
electrolyte can influence the flooding effect. The drawback of
using dilute or no electrolytes is the increased cell resistance/
overpotential and missing the potential benefits of cations in
CO, reduction (e.g, stabilization of key intermediates).*” The
second category of solutions aims to (periodically) inject
solvents (deionized water or electrolytes) into the GDE to
dissolve accumulated salts from the pores and to provide
cations near the electrode surface (cathode activation).
Examples of this category have been reported by Endrodi et
al.> and De Mot et al.>' The drawback of this solvent injection
approach is that the performance is only temporarily
recovered, the HER is initiated if water droplets are retained
in the pores after rinsing, and a high differential pressure is
required to penetrate the pores of the hydrophobic GDE, while
commonly used GDEs have a narrow pressure stability window
(~100 mbar). The third category of solutions prevents salt
accumulation by periodically switching between an operational
voltage and a regeneration voltage. At a higher operational
voltage/CD salts are accumulated, while (bi)carbonates are
removed during the lower regeneration voltage/CD due to
electromigration. Xu et al.’” used this potential switching
approach (3.8 V during operation and 2.0 V during
regeneration) to demonstrate stable cell operation for 157 h
(total 236 h including regeneration) without salt formation
and performance degradation. The main drawback of this
approach is the downtime (33% in the case of the experiments
of Xu et al.),”> which will significantly affect the productivity
and capital cost of the process. The last category of solutions
uses membranes, GDE materials, and reactor configurations
that can inhibit/prevent salt formation. Wu et al.>® studied the
effects of the microporous layer (MPL) on the flooding of
GDEs and found that a thick MPL minimized flooding. In a
follow-up study, Wu et al.>* used a vacuum-assisted infiltration
method to embed submicron polytetrafluoroethylene (PTFE)
particles at the interface of the MPL and the GDL. This PTFE-
embedded GDL significantly reduced electrolyte seepage and
maintained a CO, to CO FE of >80% at 100 mA/cm? for more
than 100 h. Baumgartner et al.>* investigated GDE flooding
during CO2R to CO using woven (carbon cloth) and
nonwoven (carbon paper) GDLs. These authors showed that
carbon-paper-based GDEs suffered from electrowetting and
CO FE loss at high CDs (>200 mA/cm?). Conversely, the
carbon-cloth-based GDE sustained a CO FE of >55% at 180 to
200 mA/cm* and 10 V for over 125 h despite a high
differential pressure of 100 mbar, which caused flooding and
continuous liquid breakthrough. This performance was
attributed to the bimodal pore size distribution (PSD) of the
carbon cloth, where the electrolyte is preferentially drained
through the larger pores, while the smaller pores are available
for gas transport. McCallum et al.” used a numerical model to
screen reaction conditions and membrane properties to reduce
crossover of carbonate and liquid products during CO2R.
Based on this multiphysics model, these authors state that a
decreasing CO, partial pressure and increasing CD, while
keeping the concentration of CO, sufficient at the catalyst
surface, will substantially mitigate carbon formation and that
CO, utilization can be increased with thin membranes. This
conclusion essentially means that the concentration of CO,
should be at a level that supports efficient CO2R, but low
enough to prevent the carbonation reaction R4. It remains
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unclear how in practice a high CO2R CD can be achieved with
a dilute CO, stream.

In the previous section, we have discussed engineering
solutions that mainly reduced salt formation but did not
eliminate CO, crossover. In the following sections, we will
discuss potential solutions for both carbon formation and CO,
crossover. These solutions (use of bipolar membranes,
electrolysis in acidic media, cascade electrolysis, and
electrolysis of reactive solutions) can possibly be placed in
category four of Sassenburg et al.**

5. POTENTIAL SOLUTIONS FOR CARBON
CROSSOVER

The carbonation phenomena has a detrimental effect on the
CO, utilization and the economics of CO, electrolyzers. The
scale-up and commercialization of low-temperature CO,
electrolyzers require a cost-effective solution to the carbo-
nation problem. In the following, we will provide a summary
and a critical assessment of the solutions proposed in the
literature.

5.1. Electrolysis in Acidic Media. In principle, the most
straightforward solution to the carbonation phenomena is
CO2R in acidic media, because the main cause of the problem
is related to the hydroxides generated at the cathode. That is
easier said than done. In the past, CO2R in acidic media has
been discouraged due to excessive hydrogen evolution at the
cathode. However, recent studies show promising results for
CO2R in (slightly) acidic media. We note that there is clear
evidence that water, instead of HY, is involved in the CO2R
mechanism, as ascertained by Bondue et al.”® and Hori.”” As a
consequence, hydroxides will always be generated at the
cathode, but these hydroxides or the formed (bi)carbonates
will be neutralized immediately in an acidic environment.

The first successful attempt for CO2R in h_ighly acidic media
(pH < 1) was reported by Huang et al>® These authors
obtained a relatively high FE (~50%) toward multicarbon
products at a high CD (1.2 A/cm?), a single-pass conversion of
~77%, and a cell voltage of 4.2 V by concentrating potassium
cations near the electrode surface using a cation-augmenting
strategy to accelerate CO, activation and enable efficient CO,
electrolysis in highly acidic media (pH < 1). The work of
Huang et al”® is considered groundbreaking for several
reasons, as it demonstrates (1) relatively efficient CO2R in
highly acidic conditions, something that was thought
impossible thus far, (2) that carbon—carbon (C—C) coupling,
a process that is favorable in alkaline conditions, can be
promoted in acidic media, and (3) that carbon crossover can
be eliminated if CO2R is performed in highly acidic media
(only oxygen evolution was observed at the anode). Recently,
Xie et al.”” used density functional theory studies to design a
Pd—Cu-based catalyst to selectively convert CO, to C,,
products in highly acidic media (pH of 2). These authors
obtained an FE of ~90% for CO, to C,, at 500 mA/cm? with a
single-pass CO, conversion of 60% to C,, and with negligible
product and carbon crossover. The high efficiency and activity
of the Pd—Cu catalyst for CO2R in acidic media was attributed
to its ability to strongly bind CO* (the key intermediate for
C—C coupling) and suppress H* (the key intermediate for
HER) adsorption through adsorbate—adsorbate interactions.
Despite these promising results, CO2R in acidic media needs
to be optimized for better selectivities, lower cell voltages, and
efficient oxidation reactions in acidic media at the anode using
non-noble metals.

https://doi.org/10.1021/acs.iecr.3c00118
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The promoting effect of cations on CO2R was recently also
observed by Endrddi et al®’ in a water-fed zero-gap CO,
electrolyzer. These authors used an in situ cathode activation
strategy by periodically injecting alkali cation-containing
solutions into the GDE. This enabled high rate CO2R in
deionized water-fed electrolyzers (pure water was transported
from the anode to the cathode through an AEM) with limited
performance decrease over a time period of >200 h. No
physical (bi)carbonate precipitation was observed in the cell,
but the CO,/0, ratio at the anode was 2:1. Clearly, the
(bi)carbonate crossover problem was not solved by this alkali
activation strategy, but the precipitation of (bi)carbonates and
the related flooding of the GDE were circumvented.

Pan et al.° used an acid-fed CEM-based MEA to
demonstrate CO2R to CO with a partial CD of up to 105
mA/cm? at 4 V with an optimal FE and single-pass conversion
of ~80% and ~90%, respectively. These authors used an acidic
anolyte (H,SO, + M,SO, mixtures with M = H*, Li*, Na*, K",
and Cs*) and supplied humidified CO, to the cathode to
eliminate (bi)carbonate crossover. The cation had a strong
effect on the FE of CO, which was roughly increased from 8%
to 77% in the order of H" < Li* < Na* & K* < Cs*. More
importantly, Pan et al.”® showed that (bi)carbonate precip-
itation occurred at the cathode for relatively high concen-
trations of cations (0.01 M H,SO, + x M M,SO,, where x >
0.1). The cations cross over from the anode to the cathode and
participate in the carbonation reaction. These authors
mentioned that a relatively low CD and dilute electrolytes
with an H* to Cs* ratio of 1:1 (e.g, 0.01 M H,SO, + 0.01 M
Cs,S0O,) are the optimal conditions to obtain high FEs for CO
and eliminate (bi)carbonate formation/precipitation. The
optimal conditions are determined by a delicate balance
between the (bi)carbonation formation rate and the proton
flux from the anode. For a very low H to Cs" ratio, the H* flux
to the cathode is insufficient to neutralize the (bi)carbonates,
which cause precipitation and performance loss. Conversely,
for a high H" to Cs" ratio, the flux of protons is too high, which
initiates the HER. The main problem with the cell
configuration used by Pan et al.%® is that, after some time,
the cations (i.e., the Cs*) in the anolyte will be depleted and
promote the HER due to an increased H' to Cs' ratio.
However, the work of Pan et al.® is in agreement with the
observations of Monteiro et al.®" and Singh et al.%” that the
cation acidity, hydration, and hydrolysis play an important role
between hydrogen evolution and CO2R. The accumulation of
alkali cations near the electrode surface at the outer Helmholtz
plane (OHP) influence the HER and the CO2RR in different
ways; (1) it inhibits the access of protons to the catalyst surface
and, thus, suppresses the HER, (2) the hydrated cations
increase the interfacial electric field, which is beneficial for the
adsorption of CO2R intermediates (e.g.,, *CO, and *CO), and
(3) cation hydrolysis near the cathode leads to higher local
CO, concentrations due to a buffering effect, which increase
the activity and selectivity of CO2R. Singh et al. o2
demonstrated that the cation hydration number and the pK,
for cation hydrolysis decrease with increasing cation size. The
pK, of K*, Rb", and Cs" ions was shown to be sufficiently low
to act as a buffering agent. Monteiro et al.® showed that the
CO2RR on Cu, Au, and Ag electrodes did not occur when no
metal cations were added to the solution. These authors
provide clear evidence that cations play a crucial role in
stabilizing the key reaction intermediates.
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The recent works of the Koper group greatly contribute to
our understanding of the HER and the CO2RR in (sllghtly)
acidic media.’**"*7%’ As demonstrated by Bondue et al.’
CO2R in acidic electrolytes does not necessarily result in
excessive hydrogen evolution. These authors showed that
hydrogen evolution and (bi)carbonate formation are deter-
mined by a delicate balance between CO2R, water reduction,
and proton reduction in acidic media. Hydrogen evolution can
almost completely be eliminated if the proton flux toward the
cathode is balanced with the hydroxide flux generated from the
CO2RR. In this case, the protons are neutralized by the
hydroxides (reaction R9) before they reach the cathode and
participate in the HER. A deficit in protons will result in
(bi)carbonate formation according to reaction R4, while an
excess of protons will cause hydrogen evolution according to
reaction R3. These results imply that efficient CO, electrolysis
and elimination of (bi)carbonate formation are possible in
acidic media if the rate of CO2R (i.e., OH™ generation) can be
matched with the mass transfer rate of protons to the electrode
surface. We can qualitatively explain these design principles by
1nvok1ng the schematic triangular diagram from our previous
work,” see Figure 4. Note that, being a qualitative diagram, the

T

CCOQ

CO,

Figure 4. Qualitative triangular schematic diagram to explain the FE
for CO2R and (bi)carbonate formation in acidic media. Region 1
(green) has a correct CO,, H*, and e™ stoichiometry; region 2 (red) is
deficient in CO, and electrons; region 3 (orange) is deficient in H*
and electrons; region 4 (blue) is deficient in CO, and H*; region S is
deficient in electrons; region 6 is deficient in H'; and region 7 is
deficient in CO,. The axes represent the concentrations of CO,,
electrons, and protons on a reaction site of the electrode. The point in
region 4 has a low concentration of CO, and protons and a high
concentration of hydroxides, which will cause (bi)carbonate
formation. See the main text for an explanation of other regions.

regions are arbitrarily chosen, but they could be quantitatively
determined by computational or experimental means. In this
diagram, there is a small operating window (region 1 in Figure
4) where protons, electrons/hydroxides, and CO, are correctly
balanced resulting in high FEs and no (bi)carbonate formation.
Note that hydroxide generation is correlated with the number
of electrons according to reaction R1. Region 2 has an excess
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of protons (i.e., deficient in CO, and electrons/hydroxides),
which will cause the HER. Region 3 is deficient in protons and
electrons/hydroxides, which corresponds with a state that is
limited by kinetics. Region 4 has an excess of hydroxides (ie.,
deficient in protons), which will cause (bi)carbonate
formation. Region 5 is deficient in electrons/hydroxides and
has an excess of protons (HER region). Region 6 is deficient in
protons ((bi)carbonate formation region), and region 7 is
deficient in CO, (mass transport limitation). Therefore, the
key for suppressing HER and (bi)carbonate formation in acidic
media is to find the operating conditions that comply with the
requirements of region 1 in Figure 4.”'~"* Clearly, efficient
CO2R in acidic media relies on a proper understanding of both
the CO2RR and the HER as a function of the reaction
conditions (e.g., pH, temperature, pressure, electrolyte type
and concentrations, etc.). In choosing the reaction conditions
for CO2R in (slightly) acidic media, it is important to know
the relative contributions of H" reduction and water reduction
to the HER for a specific catalyst as a function of process
variables like the pH and temperature.

Using highly acidic electrolytes has several consequences for
the CO2R process. First, the neutralization of the hydroxides
generated at the cathode with the acids will cause a potential
drop, which can be estimated with a Nernst-like equation

Vi

~
0SS

2.303RT [[H+]b“1k
lo

e [quth] ~ 0.059ApH

1

where R, T, n, F, [H*]}, and ApH are the ideal gas constant,
(room) temperature, charge of a proton, Faraday’s constant,
concentration of protons in the bulk and at the cathode
surface, and the pH difference between the bulk and the
cathode surface, respectively. Assuming that the concentration
of hydroxide ions at the cathode surface is 1 M (i.e., the pH is
14) and the pH of the surrounding bulk is around 1, the
potential drop will be approximately 0.77 V. For this reason,
the cell potential (energy requirements) for CO2R in acidic
media is typically higher than in alkaline media.

The second drawback of performing CO2R in acidic media
is the requirement of precious metals for the oxidation
reaction, since most non-noble OER catalysts are unstable in
acidic solutions. Efficient, stable, and affordable electrocatalysts
for the OER should be developed for CO2R in acidic media.”*

Third, the highly acidic electrolytes will cause corrosion in
the reactor and downstream separation processes. Further-
more, using concentrated electrolytes will contaminate liquid
products, which will require a costly separation step. For this
reason, solid electrolytes should be used whenever possible, in
particular, when liquid CO2R products are involved.

5.2. Bipolar Membrane Electrolyzer. A bipolar mem-
brane is formed by lamination of a cation exchange layer
(CEL) and an anion exchange layer (AEL). The BPM can be
operated in two modes; the forward bias mode when the AEL
is facing the cathode and the CEL is facing the anode, and the
reverse bias mode when the CEL and AEL are reversed with
respect to the forward bias mode. Applying a sufficiently high
voltage in the reverse bias mode will cause water splitting at the
CEL-AEL interface of the BPM, see Figure S. The produced
protons and hydroxide ions will migrate through the CEL and
AEL toward the cathode and anode, respectively. The
hydroxide ions will be oxidized at the anode, while the
protons will neutralize the hydroxides and (bi)carbonates
generated at the cathode from CO2R or participate in the
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4H,0 == 4H*+ 40H

2C0O, + 20H™ = 2HCO3

2HCO; + 20H™ 2 2C0% + 2H,0

2C0;37" + 4H* =2 2C0, + 2H,0

2C0O,+ 2H,0+ 4e" = 2CO + 40H"
40H 2 0,+ 2H,0 + 4e”

Figure S. Bipolar membrane-based electrolysis of CO,. Formed
(bi)carbonates are neutralized with the protons from water splitting at
the BPM junction. The BPM is operated in the reverse bias mode.

HER. BPM-based electrolyzers can also be used to regenerate
CO, from reactive solutions, but this will be discussed in a later
section. Under the forward bias mode, the CEL facing the
anode blocks the crossover of (bi)carbonate ions, which react
with the protons from the OER to form CO, at the CEL-AEL
interface. The AEL facing the cathode provides the desired
local alkalinity for efficient CO2R. The drawback of operating
in the forward bias mode, in particular, at high CDs, is the
evolution of CO, at the BPM junction causing membrane
blistering and delamination of the CEL and AEL. Nevertheless,
both operation modes have been studied for CO2R and will be
briefly discussed next.

We note that bipolar membranes were used in CO2R long
before the carbonation problem was widely acknowledged. It
has been used for maintaining the pH of the anode and
cathode compartments, preventing product crossover, and
acidification and basification without the addition of acids and
bases. Here, we confined the discussion to studies that used
BPMs, in particular, for preventing the carbonation effect.

Eriksson et al.>* and Ma et al.*" used a BPM-based flow cell
in the reversed bias mode to study (bi)carbonate crossover
during CO, electrolysis at high and low CDs, respectively.
Both studies found that the (bi)carbonate crossover rate was
significantly reduced when a BPM was used. For 0.1 M KOH
as anolyte and 1 M KHCOj; as catholyte, Eriksson et al.**
found an almost 10 times lower CO, crossover rate at 45 mA/
cm® when using a BPM compared to an AEM. Ma et al.’'
showed that, for a BPM-based cell the CO,/O, ratio in the
anodic gas mixture was 0.3 at a CD of 200 mA/cm® Yang et
al.”> used a BPM-based MEA (BPMEA) cell without a flowing
catholyte to prevent parasitic CO, losses. These authors
obtained a high CO, utilization (up to 60% for 3 M KOH) and
68% FE of CO at S0 mA/cm? and ~3.5 V by promoting cation
(K*) crossover from the anolyte through the BPM to the
cathode surface. This cation-infused BPM system increased the
FE of CO, the activity of CO, reduction, and the CO,
utilization but did not completely eliminate CO, loss to
(bi)carbonates. Due to charge neutrality constraints, the
hydroxides generated from the CO2RR will combine with
the cations transported from the anolyte and produce
(bi)carbonates upon reaction with CO,. In such a BPM
configuration with alkali cation crossover, it is hard to
completely eliminate CO, loss, even if the BPM is able to
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provide sufficient protons, because the cations should combine
with the hydroxides, as charge neutrality always prevails.
Nevertheless, the work of Yang et al.”® shows/confirms the
importance of concentrating cations near the electrode surface
to suppress the HER and to increase the CO2R activity in an
acidic reaction environment. Note that BPMEA cells (i.e.,
BPM in direct contact with the cathode) typically result in
excessive hydrogen evolution due to the highly acidic cation
exchange layer (Nafion) of the BPM. For this reason, BPM-
based cells typically use a thin buffer layer or an additional
(weak acid) cation exchange layer.”””” Recently, Xie et al.”®
used an MEA with a stationary unbuffered catholyte layer
(SUCL) between the BPM and the cathode to in situ convert
(bi)carbonate to CO, and to promote CO2R to C,, products.
The SUCL consisted of a porous poly(vinylidene fluoride)
(PVDF) support saturated with a concentrated electrolyte.
Using the SUCL-BPMEA cell, Xie et al.”® obtained an anodic
CO0,/0, ratio of 0.06 at 200 mA/cm* corresponding with a
single-pass CO, utilization (SPU) of 78%, which overcomes
the SPU limit of an AEM-based cell of 25% for multicarbon
products. The performance of the cell could be controlled by
the thickness of the SUCL, the type and concentration of the
support electrolyte, using a water-dissociation catalyst between
the AEL and CEL of the BPM, and the CO, flow.

Pitru et al.”” used a BPM-based MEA to study carbon
crossover during CO2R to CO on a gold catalyst. The BPM
was operated in the forward bias mode (i.e., the alkaline side
was facing the anode, while the acidic side was facing the
anode). In this mode, two MEA configurations were tested. In
the standard configuration, the alkaline side of the BPM was
directly in contact with the cathode. In the novel configuration,
an alkaline anion exchange layer was placed between the
cathode and a CEM forming a BPM-like configuration in the
forward bias mode. Note that, in both configurations, the anion
exchange layer is facing the cathode, which provides a local
alkaline environment that is beneficial for CO2R. In the
standard configuration, the CO, crossover was significantly
reduced, but not completely eliminated. However, this
configuration suffered from delamination of the BPM due to
the accumulation of water and CO, at the CEL-AEL interface.
The novel configuration completely eliminated CO, crossover,
but also suffered from stability issues related to cathode
flooding due to accumulation of water. For both config-
urations, the obtained CO selectivities were lower than 15% at
50 mA/cm? with a feed of 50/50 vol % of CO,/Ar and
oxidizing pure H, at the anode. The main disadvantage of
operating the BPM in the forward bias mode is that the
oxidation reaction needs to be performed in acidic conditions,
which requires expensive noble catalysts. However, as shown
by Pitru et al,”” much higher CDs can be obtained in the
forward bias mode than in the reverse bias mode at the same
potential. The novel BPM configuration of Pitru et al.”” is
promising in eliminating CO, crossover, but requires proper
CO, and water management in the cathode compartment to
overcome stability issues.

5.3. Cascade CO, Electrolysis. The idea of the tandem/
cascade process is to first convert CO, to CO, which is reduced
in a second step to higher hydrocarbons, see Figure 6. The
tandem/cascade concept can be performed either at the
microscopic level by using a tandem catalyst that first converts
CO, to CO,*™® which is further reduced on an adjacent
active site to other products, or at the macroscopic level by
using two separate reactors for both steps. We will focus on the
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Figure 6. Cascade process for CO, electrolysis to hydrocarbons. In
the first step, CO, is reduced to CO using a high-temperature SOEC
process or a low-temperature acid-based process. In the second step,
CO is reduced to higher hydrocarbons in alkaline media.

latter option, because on the microscopic level it is difficult to
(1) independently control the reaction environment of both
reactions, (2) separate the (unreacted) CO,, and (3) find a
stable tandem catalyst for the desired products. For the first
CO2R step, the high-temperature SOEC process or the low-
temperature process for CO, conversion to CO in acidic media
can be used. The SOEC process does not suffer from the
carbonation effect, while (bi)carbonate crossover in the low-
temperature CO2R process is avoided if the reaction is
performed in acidic media. The second CO reduction (COR)
step can be performed in alkaline media, which is advantageous
for C—C coupling, but without (bi)carbonate formation
because CO does not react with hydroxides.*> The drawback
of performing the second step in alkaline media is the
dissociation of acid products (e.g, acetate) from the COR
reaction (CORR), which complicates the downstream
separation. The choice between the low-temperature and
high-temperature process for CO production depends on the
advantages and disadvantages of both technologies.** The
SOEC process operates at low cell voltages (~1.0 V) and high
temperatures (700—900 °C) and requires, in addition to
electricity, also heat input. In terms of the energetic efficiency
(EE) and the electric power consumption (EPC), the SOEC
process is superior to the low-temperature process.85 In
addition, the SOEC process does not suffer from carbonate
formation and achieves relatively high single-pass CO,
conversions (up to 50%). At higher conversions, the SOEC
process suffers from carbon deposition due to the Boudouard
reaction (2CO < CO, + C). The SOEC process for CO,
conversion to CO has a high technology readiness level (TRL)
as it is commercialized by Haldor Topsoe under the trade
name eCOs.

The low-temperature (LT) process for CO2R to CO relies
on finding a cost-effective solution to the carbonation problem.
The LT process does not suffer from carbon deposition and
could in theory achieve a higher single-pass conversion (SPC)
than the SOEC process. The advantages of the LT process are
its better suitability for high-pressure operation, integration
with CO, capture processes, and ability to run in an
intermittent mode. The SOEC process uses (pure) gaseous
CO,, while the LT process can utilize CO, capture solutions as
well. However, the LT process will not be able to compete with
the SOEC process in terms of EE and EPC due to
thermodynamic constraints.

The second (COR) step of the cascade process can be
performed in neutral or alkaline media without the carbonation
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effect. Alkaline conditions are beneficial for C—C coupling and
reduce the cell potential, but the drawback is that typical acidic
CO2R products like acetic acid will dissociate into the ionic
form, which are more difficult to recover. The use of alkaline
electrolytes is less of an issue for gaseous products (e.g.,
ethylene) and for alcohols like ethanol and propanol. The
conversion of CO to C,, products in acidic media has yet to be
explored, but promising results have been achieved in alkaline
conditions. The challenges of COR to C,, products are related
to achieving high CDs, selectivities, energetic efficiencies,
single-pass conversions, and stability. It is important to note
that COR to C,, products are only since recently being studied
and the optimal process and reaction conditions still need to
be optimized.

Ozden et al.*® studied the cascade approach for carbonate-
free CO2R to ethylene. For the first (CO2R) step, the high-
temperature SOEC process was used for CO production. In
the second step, CO was reduced to ethylene in an AEM-based
MEA using a Cu-based catalyst coated with an N-tolyl-
tetrahydro-bipyridine (Py) film to stabilize key reaction
intermediates and a short-side chain (SSC) ionomer to
enhance CO transport to the catalyst surface. These authors
obtained in the first step a CO FE of 91%, and a CO,-to-CO
SPC of ~45% at 815 mA/cm? and a cell voltage of ~1.1 V for a
CO, flow rate of 15 sccm, corresponding with an energy input
of 13.49 GJ/ton CO. Using the Cu:Py:SSC catalyst and 3 M
KOH catholyte for the second step, Ozden et al.** obtained an
ethylene FE of 61% at 150 mA/cm? and ~2.75 V for 110 h.
These results show that the COR system outperforms the
state-of-the-art CO2R reactor, in particular, when including the
carbonation effect, in terms of ethylene FE, full cell EE, and
stable operation duration. Ozden et al®® also tested an
integrated system for CO, conversion to ethylene by
combining the SOEC process for CO production with the
CO-to-ethylene MEA reactor. Operating the SOEC at 800 °C
and a CD of 550 mA/cm’ yielded a CO FE of 95%, CO full-
cell EE of 86%, and a SPC of 48%. The product mixture from
the SOEC was purified with an amine solution to capture CO,
before feeding to the COR reactor. The combined system
produced ethylene at 120 mA/cm? and an MEA cell voltage of
~2.4 V with a C,, FE of 76% and a CO,-to-ethylene SPC of
11%. The cascade system has an energy intensity of 138 GJ/
ton ethylene, which compares favorably with the direct CO,-
to-ethylene conversion route (267 GJ/ton ethylene). Ozden et
al.*® further improved the energy efficiency of the MEA system
by replacing the oxygen evolution reaction with the glucose
oxidation reaction (GOR). These authors obtained an ethylene
FE of 55% at 120 mA/cm? and MEA cell voltage of 1.27 V,
corresponding with a total energy requirement of the cascade
system of 89 GJ/ton ethylene. This shows the potential of
energy savings by smart system integration and reactor
configurations.

Sisler et al.”” evaluated the economics of CO, to ethylene
conversion in a neutral MEA cell, an alkaline cell, and a cascade
system. These authors showed that, even for a very low
carbonate formation ratio (CFR) of 1:1 (CO, molecules lost/
CO, molecules reduced), an energy efficiency of >65% is
required for a cost-effective production of ethylene at $1000/
ton with an optimistic electricity price of $20/MWh. The cost
of ethylene for the MEA and alkaline cells was estimated using
current lab data for cell voltages, FEs, EEs, CDs, SPCs, and
CFRs to be, respectively, ~6 and ~8 times higher than the
reference price of $1000/ton. Even the optimistic scenario
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with significant improvements in the performance metrics of
both cells resulted in a cost that was higher than the reference
price of ethylene. For the cascade process, using current lab
data, the cost of ethylene was estimated to be a factor three
higher than the reference price of $1000/ton. However, in the
optimistic scenario with significant improvements for the
CO2R-to-CO and COR-to-ethylene steps, a competitive cost
of ethylene (<$1000/ton) was obtained. The results of Sisler et
al.*” show that CO, electrolyzers with significant carbonate
formation are unlikely to become economically viable. For this
reason, the cascade process is the most promising system for
carbonate-free and cost-effective ethylene production. This
conclusion is in agreement with our recent analysis of the
direct and indirect (cascade) routes of CO, conversion to C,
products. We presented a detailed process design and techno-
economic analysis of both conversion routes, including CO,
capture, electrochemical conversion of CO,/CO to C,
products, and downstream separation. Our analysis showed
that both routes are not profitable under the base case
scenario, which used state-of-the-art data for CO, and CO
electrolyzers. For the best case scenario, which entails marginal
improvements in the cell voltage (<2.5 V for CO-to-C,),
capital cost of the electrolyzers (<$10000/m?)), and the
electricity price (<$20/MWh), resulted in a positive net
present value (NPV) for both routes. Overall, the indirect
(cascade) route was shown to have a greater potential for
scale-up than the direct (single-step) route for CO, conversion
to C, products. The performance and economics of the
cascade process can be improved by increasing the SPC and
reducing the temperature of the SOEC, increasing the CD for
CO-to-C,, conversion at low overpotentials, suppressing the
HER, and replacing the OER with a more efficient oxidation
reaction in the second (COR) step.

5.4. Electrolysis of Reactive Carbon Solutions. The
success of gas-fed CO, electrolyzers relies on finding a cost-
effective solution to the carbonation phenomena, but if this
remains elusive, electrolysis of reactive carbon solutions (e.g.,
(bi)carbonate and amine) might provide an alternative to
gaseous CO2R. It is important to emphasize that the concept
of CO, electrolysis to useful products builds upon the implicit
assumption that dilute carbon streams can be utilized. So far,
efficient CO2R has been demonstrated for relatively
concentrated CO, streams. This essentially means that, prior
to the electrolysis step, CO, needs to be captured from a dilute
source and regenerated to obtain a concentrated stream.
Obviously, the initial aim of the CCU concept was to avoid, a
priori, the costly regeneration step. (Bi)carbonate electrolyzers
have the potential to eliminate the CO, regeneration/stripping
step. CO, from dilute sources can be captured with alkaline
electrolytes (e.g, KOH) to produce (bi)carbonates, which can
be converted in a liquid-fed electrolyzer to useful products. To
the best of our knowledge, (bi)carbonates are not directly
reduced to CO2R products but first in situ converted to CO,
(according to (R7) and (R8)) using a CEM or BPM-based
electrolyzer.”® The in situ generated CO, is then reduced to
the desired products. However, as shown by Marcandalli et
al,” bicarbonate can directly be reduced to hydrogen
according to the following equation.

2HCO; + 2~ < H, + 2CO;~ (R1S)

As noted by Marcandalli et al,” cations must play an
important role in the reduction of bicarbonate, which is
negatively charged and would otherwise be repelled from the
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cathode. Clearly, bicarbonate can act as a proton donor for the
HER and limit the FE for CO2R. Important work in the field
of (bi)carbonate electrolysis to CO, formate, and methane has
been performed in the Berlinguette group.*”~"* Li et al.***
used a BPM-based flow cell to convert a 3 M KHCO; solution
to CO and formate. These authors obtained an FE for CO of
81% at 25 mA/cm? and 37% at 100 mA/cm? For formate, an
FE of 64% at 100 mA/cm? and ~4 V was obtained. Gutiérrez-
Sanchez et al.”® used a BPM-based zero-gap flow electrolyzer
to study the conversion of bicarbonate to formate. The effects
of different operating parameters (CD, concentration and flow
rate of bicarbonate, and temperature) on the FE of formate,
the product concentration, the cell voltage, and energy
efficiency were evaluated. A high energy efficiency of 27%
was achieved for a CD of 50 mA/cm? a high concentration
and flow rate of the electrolyte, and at room temperature. A
high CD (>300 mA/cm?®) and a low flow rate were more
beneficial for the downstream process, since the formate
product stream was more concentrated, but at an expense of a
lower energy efficiency. Lees et al.”' used a BPM-based flow
cell and a Cu cathode to convert bicarbonate (3 M KHCO;) to
methane. By adding a cationic surfactant to the catholyte that
suppressed the HER, these authors obtained an FE of 27% and
a yield of 34% for methane at a CD of 400 mA/cm?* and cell
voltage of 7.2 V. Recently, Zhang et al.”* used a CEM-based
flow cell coupled with the hydrogen oxidation reaction (HOR)
at the anode to convert a 3 M KHCOj solution into CO.
These authors reported a partial CD of CO of 220 mA/cm?*
and a CO, utilization efficiency of 40% at a cell voltage of 2.3
V, which is substantially lower than a BPM-based cell. Note
that the standard potential of the HOR is 0 V, while that of the
OER is 1.23 V.

Carbonate electroreduction in a BPM-based electrolyzer was
studied by Li et al.”* Using a silver catalyst, these authors
produced syngas with a H,/CO ratio of 3:1 at a CD of 150
mA/cm® and 3.8 V. The carbonate-to-syngas system was
shown to be stable for a continuous run of 145 h. No CO, was
detected in the syngas product, because all the in situ
generated CO,, from the reaction of carbonates with the
protons of the BPM, was consumed by the CO2RR. Recently,
Xiao et al.”® studied the conversion of carbonate to pure syngas
using a CEM-based flow cell and a CO, diffusion layer (CDL)
inserted between the CEM and the cathode. These authors
obtained a H,/CO ratio of 1.2, corresponding to a CO FE of
46%, at 200 mA/cm?* and ~3.7 V. Long-term stability tests at
100 mA/cm? and ~3.4 V showed stable operation and syngas
production with a H,/CO ratio of 2:1 for 23 h of experiments.
The FE of CO (thus the H,/CO ratio) could be controlled by
the thickness of the CDL, the CD, and carbonate flow rates.
Gutiérrez-Sanchez et al.”® studied CO, conversion from direct
air capture (DAC) solutions. A bench-scale DAC setup was
used to capture CO, with a 1 M KOH solution to produce
(bi)carbonate, which was converted to formate or CO in a
BPM-based electrolyzer. The DAC solution contained a
mixture of bicarbonate (~0.17 M) and carbonate (~0.49 M)
after 8.5 h of CO, absorption from air. Gutiérrez-Sanchez et
al.”® obtained an FE of 16% and 13% at roughly 3.5 V for
formate and CO, respectively. These FEs are significantly
lower than state-of-the-art (bi)carbonate electrolyzers, which
was attributed to the low concentration of (bi)carbonate in the
DAC solution. Nevertheless, carbonate reduction seems to be
more challenging than bicarbonate, due to the higher stability
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of the former, which requires more effort (i.e., it requires more
heat and protons) to be decomposed to CO,.

It is clear from the foregoing discussion that (bi)carbonate
reduction is more challenging than CO2R. The reduction of
(bi)carbonates requires a much higher cell voltage, in
particular, when BPM-based cells are used, and yields lower
FEs for the products due to the competing HER at increased
potentials. More problematic is the observation that high
(bi)carbonate concentrations are required for efficient
electrolysis, which might not be attainable in a real CO,
capture plant. Furthermore, in practice it is hard to obtain only
bicarbonate or carbonate, since the species distribution in an
alkaline (hydroxide) solution is governed by the acid—base
equilibria, which is affected by the CO, loading.

A limited number of studies is available for electrochemical
conversion of CO, from other reactive solvents (e.g., amines
and ammonia). Lee et al.”’ studied the electrochemical
conversion of CO, from amine solutions (monoethanol-
amine). These authors obtained an FE of 72% for CO at 50
mA/cm® by concentrating alkali cations near the electrode
surface and (slightly) elevating the temperature. Liu et al.”®
investigated CO, electrolysis to formate using reactive
ammonia solutions. Ammonia and CO, were reacted to form
ammonium bicarbonate, which was fed to the electrolyzer to
convert in situ generated CO, to formate. Different
membranes (CEM, AEM, and BPM) were tested, but the
cell configuration with an AEM was the most effective. The
decomposition of ammonium bicarbonate was achieved by
slightly increasing the temperature (40 °C). These authors
obtained an FE of 85% for formate at a CD of 100 mA/cm?
and 2.4 V outperforming state-of-the-art KHCO;-fed electro-
lyzers. The higher efficiency for CO, conversion to formate
from ammonium bicarbonate solutions was attributed to its
lower decomposition temperature (~36 °C) compared to
potassium bicarbonate (~150 °C).

We emphasize that care must be taken in selecting the
reactive systems. For example, the species distribution for
amines, ammonia, and hydroxide solvents depends on the
reaction mechanism and CO, loading (mol CO,/mol
solvent).”” Primary and secondary amines produce carbamate
at low CO, loadings, while tertiary amines only form
(bi)carbonates.'”~'%” At high loadings, (bi)carbonates can
be produced for primary and secondary amines as well. In the
chilled ammonia process, ammonium bicarbonate, ammonium
carbonate, ammonium carbamate, and sesquicarbonate can be
formed depending on the temperature and CO, loading,'**'**
Ammonium carbamate is formed at low loadings and
temperatures (<100 °C), while ammonium carbonate is
formed at low temperatures (<50 °C) and intermediate
loadings. Ammonium bicarbonate is mostly formed at high
loadings, and sesquicarbonate is formed at intermediate
loadin(gs and temperatures. The reader is referred to Darde
et al.'”'** for the phase diagram of the different species as a
function of temperature and loading. For aqueous hydroxide
solvents (e.g., KOH and NaOH), carbonates and bicarbonates
are formed at low and high CO, loadings, respectively.'”> In
practice, it is difficult to exactly control the loading in CO,
capture plants, because the loading is affected by several
parameters (temperature, pressure, solvent type and concen-
tration, CO, feed concentration and impurities, and the
desired working capacity).

In summary, the chemical speciation during CO, capture
with reactive solvents depends highly on the CO, loading,
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which should be clearly defined/set in electrochemical
experiments. Furthermore, the selection of reactive systems
for electrochemical experiments should be based on practical
CO, capture conditions (e.g, loading, temperature, etc.).
Typically, CO, capture plants are not operated at the highest
loading, because the reaction rate of CO, is higher (lower) at
lower (higher) loadings, which reduces (increases) the length
of the absorption column. As a consequence, carbamate or
carbonate species are predominantly produced in the chilled
ammonia and (primary and secondary) amine-based processes,
while mainly carbonates are produced in the hydroxide-based
systems. There is plenty of information available on CO,
capture from which electrochemists can and should benefit to
design efficient integrated capture and conversion processes.

5.5. In Situ CO, Recovery. It is possible to directly feed
the anodic mixture to the cathode if the CO2RR is not much
affected by the presence of O, (i.e., a lower partial pressure of
CO,), and if the product is a liquid. However, gaseous
products will be contaminated with the O, that is retained in
the gas phase. It is much easier to separate the anodic binary
CO,/0, mixture than a complex cathodic mixture containing,
for example, unreacted CO,, H,, O,, CO, CH,, and ethylene.
The presence of O, might also initiate unwanted oxidation
reactions. Therefore, oxygen contamination of gaseous
cathodic products should be avoided whenever possible.

We will now briefly discuss the proposed in situ CO,
recovery and recycling methods. Note that a BPM-based
electrolyzer can be used for in situ CO, recovery, but this was
discussed in an earlier section and will not be repeated here. A
three-compartment cell can be used to regenerate (bi)-
carbonate in the center compartment; see, for example, Yang
et al.'% As shown in Figure 7, the cell is configured as (anode |
CEM | AEM | cathode) to form the anode compartment, the
center compartment, and the cathode compartment. In the
center compartment, (bi)carbonates generated at the cathode
are combined with the protons from the anode to produce
CO, and water. The three-compartment cell is essentially a
combination of an electrolyzer and an electrodialyzer. The
drawbacks of the three-compartment cell are the higher cell
voltage and cost due to the presence of an additional
compartment, the evolution of CO, in the center compartment
causes potential drop, and the low conductivity in the center
compartment, which can be overcome by using conductivity
promoters such as ion-exchange resin beads or solid electro-
lytes.

Recently, Kim et al."”” used a three-compartment reactor
with a porous solid electrolyte in the center compartment to
regenerate CO, from (bi)carbonates produced at the cathode
during CO2R to CO. These authors demonstrated up to 90%
recovery of the crossover CO,, while delivering an almost pure
CO, stream, and over 90% FE of CO at 200 mA/cm?.

Xie et al.'” reported a very clever strategy to avoid the
CO,/0, separation of the anodic gas. These authors combined
the CO2RR at the cathode with the glucose oxidation reaction
(GOR) at the anode to almost completely eliminate the OER.
The electrochemical oxidation of glucose consumed the
hydroxide ions to produce gluconic acid.

CeHp,05 + 20H™ — C¢H,,0, + H,0 + 2¢” (R16)

The main product of the electrochemical oxidation of glucose
was gluconic acid, but other byproducts such as glucaric acid
and guluronic acid were produced as well.'”” The disadvan-
tages of this concept are related to the byproduct formation
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Figure 7. Three-compartment cell for in situ regeneration of CO,
from (bi)carbonates. Protons from the anode and (bi)carbonates
from the cathode are transported through the cation exchange
membrane and the anion exchange membrane, respectively. The
protons and (bi)carbonates combine in the center compartment to
produce water and CO,, which can be recycled to the cathode.

and the dissociation of the acid into the conjugate base form
due to the operation in alkaline conditions. This will require a
complicated downstream acidification and separation to obtain
the desired market products. Nevertheless, Xie et al.'”® showed
that almost pure CO, can be obtained at the anode by the
elimination of oxygen evolution from the oxidation of
hydroxide ions, which were locally consumed by the GOR.

O’Brien et al.''’ used a CEM-based MEA cell with a
permeable CO, regeneration layer (PCRL) to enable a single-
pass CO, conversion of 85% by locally regenerating CO, from
(bi)carbonates. The cathode was spray-coated with an anion
exchange ionomer solution to produce the PCRL. This layer
creates locally an alkaline environment that suppress the HER,
while enabling (bi)carbonate regeneration from the CO2RR
with protons from the anode. The CO, and water produced at
the PCRL-CEM interface from the neutralization reaction are
transported to the catalyst by diffusion through the water-filled
ionic domains of the polymer. The membrane in the study of
O’Brien et al."'” was thin to minimize the obstruction of CO,
and water transport to the catalyst. Note that a poor transport
will cause delamination of the layers like in a BPM or cause
cathode flooding.

5.6. Ex Situ CO, Recovery. A range of technologies (e.g.,
absorption, adsorption, and membranes) are available to
capture CO, from the anodic stream.''' The choice of
technology and the associated costs depend on the partial
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pressure of CO, in the feed and the desired purity and/or
recovery.''” The partial pressure of CO, in the anodic gas
mixture is relatively high (similar to biogas streams), which
means that all the above-mentioned technologies could be
applied to remove CO,.""” In this case, the required purity and
recovery will determine the technology of choice. Adsorption
and membrane-based processes show a trade-off between
purity and recovery and cannot be used if high purities and
recoveries are required.'''> We note that CO, and O, have
very similar kinetic diameters, which presents a challenge for
separations that are purely based on size exclusion (e.g,
adsorption)."'”""” Absorption with selective chemical or
physical solvents can be used to obtain high CO, purities
and recoveries. As discussed earlier, low-purity CO, (ie.,
contaminated with O,) can be used at the cathode if the
CO2RR is not much affected by the partial pressure of CO,
and for liquid CO2R products, since O, will mostly be retained
in the gas phase. For CO, conversions <100% and in the
absence of gaseous CO2R products and hydrogen, the outlet
gas from the cathode will contain unreacted CO, and O,,
which needs to be separated or purged to prevent buildup of
inerts. In this case, the separation of the cathodic CO,/0O,
mixture is similar to the separation of the anodic CO,/O,
mixture, but the separation cost can be different due to
differences in the CO, concentration of both mixtures.

Sarswat et al.''® proposed a simple strategy to bypass the
separation of the anodic CO,/O, mixture by combusting it
with methane to produce pure CO,, which can be recycled to
the electrolyzer. The heat generated from the combustion can
be used to drive other downstream separation processes (e.g.,
acetic acid distillation). This looks like an elegant solution, but
the drawback is that it adds more CO, to the cycle due to the
combustion of methane. However, the use of this solution
makes sense as long as the separation processes are not (or
cannot be) fully electrified.

5.7. Electrolyte Recovery. An additional downside of
CO2R in alkaline media is the carbonation of the electrolyte,
which needs to be regenerated in the long run. For example,
potassium hydroxide as catholyte and/or anolyte will be
converted to potassium (bi)carbonate during CO2R. The
carbonation of the electrolyte is undesired, because it causes
pH changes of the anolyte and/or catholyte, which in turn
affect the CO2RR, and the conductivity is reduced (i.e., the
ohmic losses increase). Different technologies are available to
regenerate carbonated electrolytes. We will briefly discuss the
bipolar membrane electrodialysis (BPMED) process reported
by Eisaman et al."*”"** and the double-loop process of Keith et
al."*! for CO, regeneration and electrolyte recycling.

Eisaman et al."'” used a BPM-based electrodialysis stack to
regenerate CO, from KHCO; and K,COj; solutions. In the
BPMED unit, CEMs, BPMs, and AEMs were alternately
stacked to form the base, acid, and feed compartments. The
protons and hydroxides generated by water splitting at the
BPM are used to perform acid—base reactions, which produce
CO, and KOH in the acid and base compartments,
respectively. These authors showed that the energy require-
ment for CO, regeneration from 0.5 M KHCO; and 0.5 M
K,COj solutions are roughly 100 and 200 kJ/mol CO, in the
low-CD regime. The energy requirement increased almost
linearly with increasing CD, and decreased with increasing
pressure, which reduced the ohmic losses by suppressing
bubble formation in the stack relative to ambient-pressure
operation. A very important conclusion from the work of

6856

Eisaman et al."'? is that CO, and KOH regeneration from
KHCO; is almost two times more energy efficient than from
K,CO;.

Keith et al."””' designed a double-loop process to capture
CO, from the atmosphere using a KOH solution and to
regenerate the CO, and the alkali solution from the formed
K,CO; solution. In the first loop, CO, is captured with a KOH
solution to form K,COj;. In the second loop, the carbonate
ions are precipitated with calcium forming CaCOj;, which is
calcined to produce CO, and CaO. The CaO is hydrated in a
slaker to produce Ca(OH),, which is combined with K,CO,
from the first loop to produce KOH and CaCO; to close the
loops. The disadvantage of the process is the relatively high
complexity, capital cost, and energy requirements, which can
be reduced significantly by proper heat integration. The total
energy consumption of the process was reported to be 8.8 GJ
of natural gas per ton of CO, captured and delivered at 150
bar. The energy consumption for CO, capture from flue gas
and solvent (monoethanolamine) regeneration is roughly half
of the double-loop process (~4 GJ/ton CO, delivered at 150
bar). Note that the difference in energy requirements is mainly
due to the differences in the CO, concentration of both feeds
(400 ppm (ppm) for direct air capture vs 10 v% for flue gas).
The double-loop process is currently being up-scaled and
commercialized by Carbon Engineering for direct air capture.

6. ECONOMICS OF CO, AND ELECTROLYTE
RECYCLING

It is clear that the carbonation phenomena will bring additional
costs for CO, and electrolyte recycling. The cost of CO,
capture depends on the concentration of CO, in the feed. The
cost of CO, removal from the anodic mixture containing 80%,
66.6%, and 50% of CO, can be estimated with the Sherwood
correlation (cost vs concentration curve) of Bains et al.'** to
be $16/ton, $18/ton, and $21/ton, respectively. These costs
are in the range of CO, capture from natural gas and biogas,
which also have high CO, concentrations in the feed. Note
that this is only the cost of CO, capture and recycling from the
anodic stream. The gas stream from the cathode requires
separation as well if gaseous CO2R products and/or hydrogen
is produced and the conversion of CO, is <100%. The cost of
CO, capture from the cathodic stream depends on the single-
pass conversion, but this is typically <25%, which means that
the concentration of (unreacted) CO, in the outlet is relatively
high. Under these conditions, we expect a similar cost of merit
for CO, capture from the cathode and anode streams.

The costs of electrol?rte recycling can be estimated from the
data of Eisaman et al.'"” for the BPMED process and Keith et
al.'*' for the double-loop DAC process. As an example, we
assume that 1 M KOH has carbonated to 0.5 M K,CO; in the
CO, electrolyzer according to

2KOH + CO, « K,CO; + H,0 (R17)

Using the energy consumption of 200 kJ/mol (or 0.055 kWh/
mol) of CO, from Eisaman et al.'"* and assuming an electricity
price of $50/MWh, the cost can be estimated as $63/ton of
CO, or ~$20/ton of K,CO; or ~$50/ton of KOH. Note that
this only includes the electricity cost (i.e., the capital cost is
excluded). The cost can be lowered significantly by reducing
the power consumption (i.e., the cell voltage) and the
electricity price.

The cost of CO, and KOH recycling using the double-loop
process of Keith et al.'*' can be estimated from the energy
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consumption of 8.8 GJ of natural gas per ton of CO, (or 8.3
GJ/ton if we subtract 0.5 GJ/ton for the compression) and a
natural gas price of $10/G]J to be $83/ton of CO, or ~$65/ton
of KOH. Again, these costs only include the operational
expenditures. Clearly, the double-loop process is slightly more
expensive than the BPMED process, but the cost highly
depends on the price of heat (natural gas), which is currently
very high due to geopolitical issues.

It is clear from the foregoing discussion that the carbonation
effect will significantly contribute to the cost of the CO2R
product. As an example, we calculated the cost of CO2R to CO
in the absence or presence of the carbonation phenomena for
three reactor configurations (full MEA, flow cell, and SOEC),
see Table 1. In the calculations, we assumed a capacity of 1

Table 1. Estimation of Total Costs for 1 ton/h of CO,
Conversion to CO in a MEA, Flow Cell, and SOEC

Cost estimation MEA flow cell SOEC
Cell voltage (V) 2.5 2.5 1.2
CD (mA/cm?) 250 250 500
Faraday efficiency (%) 100 100 100
Single-pass CO, conversion (%) 25 25 S0
CO, electrolyzer ($/ton CO) 279 279 134
CO, purchase ($/ton CO) 79 79 79
CO, capture cathode ($/ton CO) 56 56 33
CO, capture anode ($/ton CO) 28 0 0
Electrolyte recycling ($/ton CO) 0 99 0
Total ($/ton CO) 442 513 245

ton/h of CO, conversion to CO, a CO, purchase price of $50/
ton, 8000 h/y of operation, and a lifetime of 1S years. For the
MEA and flow cell, we assumed that the FE of CO is 100%, the
CD is 250 mA/cm? at a cell voltage of 2.5 V, and the mole
conversion of CO, is 25%, which is the actual amount of CO,
in moles that is converted to CO excluding the loss due to the
carbonation phenomena. For the SOEC, we assumed an FE of
100%, a CD of 500 mA/cm? at a cell voltage of 1.2 V, and an
SPC of 50%. For the MEA, we assumed that the hydroxides
generated at the cathode react with CO, to produce carbonate,
which crosses over to the anode and oxidizes to CO,
producing a CO,/0O, ratio of 2:1. The MEA cell only requires
CO, capture at the anode and cathode, but electrolyte
regeneration is not needed, since alkaline electrolytes are not
used in this reactor configuration. The correlation of Bains et
al.'*” is used for the cost of CO, capture from the anode and
cathode streams. We assumed that all lost CO, can be
recovered such that only the fraction that is converted to CO
needs to be purchased. For the flow cell, we assumed a
carbonation ratio of 1 (i.e., for every mol of CO, reduced one
mol of carbonate is produced). For alkaline electrolytes (e.g.,
KOH), we know from the crossover experiments that the
electrolyte is first carbonated before CO, is released at the
anode. This means that the electrolyte in a flow cell needs to
be regenerated, but CO, capture at the anode is not needed if
the electrolyte is continuously refreshed. The BPMED process
of Eisaman et al."'” is used for electrolyte recycling. Only the
operating cost of the BPMED process was considered in the
economic evaluation (the capital cost was neglected). The
capital cost of all electrolyzers and the electricity price are
assumed to be $1000/kW and $50/MWh, respectively.
Depreciation, taxes, inflation, and maintenance are neglected
in the cost calculations.
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The required power of the electrolyzers was computed from

Pl.=ij><A><V (2)

where P; is the power required to produce component j, i; is
the partial CD for component j, A is the electrode area, and V'
is the cell voltage. The electrode area (A) required to convert 1

ton/h of CO, was estimated from'?’
n; X Neo, X F
i, X FE,

A=
3)

where Nq, is the mole flow of CO,, i, is the total CD, F is the

Faraday constant, FE; is the Faraday efficiency for component
j, and n; is the number of electrons involved in the CO2RR (2
for CO2R to CO).

In Table 1, the results of the economic analysis are
presented. From these results, it is clear that the MEA and
flow cell processes are a factor ~2 more expensive than the
SOEC-based process for CO, conversion to CO. The low SPC
and the CO, crossover in the MEA process significantly
increase the cost of CO, capture. In the case of the flow cell,
the low SPC and the carbonation of the electrolyte and its
regeneration increase the cost. The SOEC is superior to the
MEA and flow-cell-based processes due to its lower power
consumption and higher SPC. Note that we have neglected the
heat input of the SOEC, which typically has a minor
contribution to the overall cost. Ozden et al.'” provide an
energy assessment of CO2R to ethylene for different cell
configurations (alkaline flow cell, neutral MEA, BPMEA,
cascade, and CO2R from reactive liquids). These authors also
demonstrate that the SOEC-based cascade process is superior
to the other cell configurations considering current perform-
ance data. However, the SOEC process is only developed for
CO production; hence, we have to rely on CO2R or COR for
C,, products.

7. OUTLOOK

The scale-up of low-temperature CO, electrolyzers relies on a
cost-effective solution for the carbonation problem. Although
recent work has shed some light on the formation and
crossover of (bi)carbonates during CO2R, the problem is more
complex than initially expected and requires far greater
research efforts to better understand and prevent bi(carbonate)
formation, transport, and oxidation/neutralization at the
anode. To address these challenges, it is crucial to align
research across multiple disciplines, levels (fundamental and
applied), and scales (micro to macro). In the following, we
propose a list of research directions to tackle or deal with the
carbonation problem.

e Anode: CO,R studies have mostly focused on the
cathode, but the crossover phenomena demands more
attention to the anodic processes.'””'*> The exact
mechanism for CO, evolution (e.g, (bi)carbonate
oxidation or neutralization) at the anode is still unclear.
Also, it can be interesting to investigate the possibility to
convert the (bi)carbonates to some useful products at
the anode (e.g, carbonate esters).'*

Reactor design and configuration: The type and
configuration of the reactor (flow cell, zero-gap MEA,
and hybrid flow-MEA with CEM, AEM, or BPM) can
have a huge influence on the carbonation phenomena.
Clever cell designs will help minimize (bi)carbonate
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formation, crossover, and CO, loss. The carbonation
phenomena has mostly been studied in flow cells or
hybrid cells, but the effects might be different for full
MEA cells."”’ "%

In situ measurements: At a fundamental level, more
insights are required to better understand the underlying
processes of (bi)carbonate formation, transport, and
oxidation/neutralization. Probing the local (reaction)
environment of the anode, cathode, and membrane
using in situ/operando techniques will reveal the true
nature of the carbonation phenomena.®>%%'3!=134
Recycling: The separation of CO, from the anodic
mixture is relatively easy due to the high concentrations,
but it will add significantly to the cost if the single-pass
conversion is low. Therefore, research should focus on in
situ recycling methods (i.e., (bi)carbonate conversion to
CO, inside the cell).

e Acidic media: CO2R has mostly been studied in alkaline
media to suppress the HER. However, recent studies
show that high FEs for CO2R can be achieved in
(slightly) acidic media. The CO2RR will always locally
generate hydroxides, because water instead of H' is
involved in the mechanism. Therefore, research should
focus on how to effectively neutralize the locally formed
hydroxides and (bi)carbonates at the cathode, while
suppressing the HER.

Electrolysis of captured solutions: As discussed earlier, if
a solution to the CO, crossover problem remains
illusive, it is advantageous to design efficient liquid-fed
electrolyzers based on reactive CO, capture solutions. In
that case, CO, from a dilute source can be captured with
an alkaline solution (e.g., amines, hydroxide, ammonia,
etc.) and the formed (bi)carbonates and carbamates can
be reduced to useful products (i.e., eliminating the costly
CO, desorption step).'**'*

Membranes: Although different types of membranes
(AEM, CEM, and PM) have been tested in CO,
electrolysis, their role in (bi)carbonate rejection/cross-
over is poorly understood. The near-membrane environ-
ment can significantly be influenced by the type of
membrane, which can affect the CO,-bicarbonate-
carbonate equilibria through water splitting and acid—
base reactions with functional groups.'*’~"*

GDE design: The use of a GDE is crucial for high CD
CO, electrolysis, but the carbonation effect causes
flooding, which results in performance loss of the
GDE. Creative GDE designs will be of paramount
importance to overcome the flooding problem.'*'*’
Multiscale/multiphysics modeling: CO2R at the elec-
trode is a complex phenomenon that involves multiple
phases (gas/liquid/solid) and reactions (homogeneous
and heterogeneous), which are affected by the presence
of electrolytes and electric field. Advanced modeling of
the near-electrode and membrane environment will
provide useful insights into the carbonation phenomena
that is affected by mass transport, electrochemical and
homogeneous reactions, and thermal effects.' 714
Moreover, advanced thermodynamic modeling using
electrolyte equations of state and molecular simulation
are essential for predicting the key thermodynamic,
transport, and structural properties of the relevant liquid
systems. **7'* Such properties are the mutual solubil-
ities (e.g, gases in the aqueous electrolyte phase),
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transport coefficients (i.e., Maxwell-Stefan and self-
diffusivities, ionic conductivities, viscosity), and partial
molar properties.' """’

Electrolyte-free electrolysis: The presence of electrolytes
in CO, electrolyzers has several disadvantages. First,
liquid products are contaminated with the electrolytes,
which complicate the downstream process. Second,
cross-contamination of electrolytes will occur due to the
use of different electrolytes in the cathode and anode
compartments, and because membranes are not 100%
selective. Third, CO2R in alkaline media not only cause
carbon crossover but also the electrolytes are carbo-
nated, which will require regeneration in the long term.
For these reasons, the use of (liquid) electrolytes in CO,
electrolyzers should be eliminated/minimized."**~"°

CO, capture: Although the carbonation effect is
detrimental from a CO2R point of view, it presents
opportunities for CO, capture and concentration. CO,
from dilute sources can be transformed to (bi)carbonate
at the cathode either during HER or CO2R and
transported through the membrane and oxidized at the
anode to produce higher concentrations of CO,.'*' ™%
A theoretical CO, concentration of 80% or 67% can be
achieved if bicarbonate or carbonate is the charge
carrier, respectively.

Experimental design: As a final note, we would like to
stress that a careful design of experiments is important
for the correct interpretation of results. The carbonation
effect shows a complex time-dependent behavior, which
is influenced by initial conditions (e.g., type, concen-
tration and amount/flow of electrolyte, concentration
and supply rate of CO,, cell configuration, CD/cell
voltage, time of measurements, position/location of the
probes, etc.). For this reason, it is extremely important to
specify all experimental details in publications. We
encourage and hope that it will become a common
practice to simultaneously measure/probe the anodic
and cathodic processes.'®

8. CONCLUSIONS

One of the most pressing problems in the field of low-
temperature CO, electrolysis is the so-called carbonation
phenomena, which is detrimental for the performance,
economics, and scale-up of the process. The carbonation
effect is a direct consequence of performing the CO2RR in
neutral to alkaline media and the fact that water and not
protons is involved in the mechanism, which essentially means
that hydroxides are always generated at the cathode during
CO2R. The parasitic reactions of CO, with the neutral/
alkaline electrolytes result in (bi)carbonate precipitation and
flooding in gas diffusion electrodes, CO, crossover to the
anode, low carbon utilization efficiency, electrolyte carbonation
and pH-drift in time, and additional cost for CO, and
electrolyte recycling. In this review, we present a detailed
discussion on the carbon crossover mechanism, the potential
solutions for preventing/dealing with carbon crossover, the
economics of CO, and electrolyte recycling, and an outlook for
future research. A critical analysis of published results shows
that the time-dependent behavior of the carbonation
phenomena is affected by the CD and the initial conditions
like the type, concentration, and flow of the electrolyte, the
concentration and flow of CO,, and the cell configuration (e.g.,
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type of membrane, flow cell or MEA). The CO, to O, ratio at
the anode is 4:1 for purely bicarbonate crossover, 2:1 for
purely carbonate crossover, 1:1 for simultaneous crossover of
one carbonate and two hydroxides, and 0:1 for CO2R in
(highly) acidic media. Potential solutions for carbon crossover
include (1) CO2R in acidic media, (2) CO2R with BPM-based
electrolyzers, (3) cascade CO, electrolysis (e.g., CO,-to-CO-
to-hydrocarbons), (4) (bi)carbonate electrolysis, (S) in situ
CO, recovery and recycling, and (6) ex situ CO, recovery and
recycling. All these solutions will incur additional costs for the
CO2R process, either due to a lower FE, a higher cell voltage, a
higher investment, a lower CD, or a complex separation. The
cost of CO, separation from the anodic mixture depends on
the crossover rate and the concentration of CO,, which is 80%,
66.6%, 50%, or 0% for, respectively, bicarbonate, carbonate,
one carbonate plus two hydroxides, or only hydroxide,
oxidation at the anode. The CO, capture cost is relatively
low due to the relatively high concentrations of CO,. However,
the cost per ton of product will increase significantly for a low
single-pass conversion and high crossover rate of CO,. An
additional downside of CO2R in alkaline media is the
carbonation of the electrolyte, which requires a costly
regeneration step. The carbonation phenomena is complex
and requires research across multiple disciplines, levels, and
scales with particular attention to anodic processes, reactor
design, in situ measurements, CO, and electrolyte recycling,
CO2R in acidic media, electrolysis of reactive solutions,
membranes, GDE design, multiscale/multiphysics modeling,
electrolyte-free electrolysis, and experimental design.
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